We investigate magnetism in amorphous carbon as suggested by the recently reported ferromagnetism in a new form of amorphous carbon. We use spin constrained first-principles simulations to obtain amorphous carbon structures with the desired magnetization. We show that the existence of sp 2 -like 3-fold coordinated carbon atoms plays an important role in obtaining magnetism in amorphous carbon. The detailed geometries of 3-fold carbon atoms induce the magnetic order in amorphous carbon.
I. INTRODUCTION
Diamond and graphite, which are abundant allotropes of carbon, are diamagnetic materials owing to their orbital diamagnetism.
1,2 However, other types of magnetism in carbon materials have been investigated. For example, nano-scale graphene nanoribbons are predicted to exhibit magnetic order coming from localized edge electronic states 3-6 although experimentally no direct observation of this prediction has been reported in the literature.
7,8
In its bulk form, graphite is reported to exhibit ferromagnetism when irradiated with high energy protons, 9 when a network of point defects due to grain boundary appears, 10 or vacancies are introduced. [11] [12] [13] Theoretical studies have shown that carbon nanotubes can also be magnetic when line defects are introduced, 14, 15 when nanotubes form composites with other nanotubes, 16 or when a graphene-nanotube complex are created under pressure.
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Recently, a new amorphous form of carbon (Q-carbon) has been reported as a roomtemperature ferromagnetic phase of carbon 18, 19 . The reported magnetic moment is 0.4 µ B /atom (where µ B is the Bohr magneton) with a Curie temperature of 500 K. Q-carbon exhibits superconductivity when it is born doped owing to the large proportion (75-85 %) of sp 3 -hybridized carbon atoms [20] [21] [22] . Ferromagnetism in amorphous-like carbon nanofoams has been reported, 23, 24 but the magnetization and the fraction of sp 3 -hybridized carbon atoms is significantly larger in Q-carbon. Therefore, a theoretical understanding of the ferromagnetism in amorphous carbon may allow us to understand the magnetic and structural characteristics in Q-carbon, and finding a promising alternative to rare-earth magnets is technologically important.
We perform a computational investigation of magnetic amorphous carbon. A fixed magnetization on carbon atoms is imposed as we construct a model structure of amorphous carbon from liquid-like carbon. The spin constrained structure tends to have more 3-fold (near sp 2 ) coordinated carbon atoms than those without spin constraints, indicating the importance of unpaired electrons for obtaining magnetic amorphous carbon. We also study the effect of the mass density and constrained magnetization on structures and the total energies of amorphous carbon. Magnetization of order 0.1 to 0.2 µ B /atom does not yield high energy structures when compared with nonmagnetic cases particularly in low density amorphous carbon, although high energy structures are required to have the experimentally measured magnetization (0.4 µ B /atom) Finally we release the magnetic constraint and find 2 that some spin magnetic moments are retained. The possible magnetic order among these remaining spins are discussed.
II. COMPUTATIONAL METHOD
We employ a total energy pseudopotential approach with both is used for performing spin-constrained structural relaxation. A real-space grid of 0.3 Bohr
(1 Bohr ≃ 0.52918Å) and a plane-wave energy cutoff of 65 Ry are used to obtain sufficiently converged total energies. Only the Γ point is sampled for a Brillouin-zone integration.
MD simulations are performed to construct a model structure of amorphous carbon. First we prepare a 216 carbon atom supercell in a simple cubic structure. Next we increase the system temperature to 7500 K and perform MD simulation at 7500 K in an NVT ensemble to randomize the atomic coordinates. The temperature is controlled by using Langevin thermostat with a friction constant of 10 −3 a.u. Finally we stop the simulation at 500 MD step (time step ∆t of 1 fs) and relax the atomic coordinates of that step accordingly.
The parameters needed for obtaining amorphous carbon structures are the density and magnetization. The density of amorphous carbon is adjusted by tuning the lattice parameter of the cubic supercell. As for the magnetization, we fix the total magnetic moment of the system to a certain value while we perform structural relaxation. These constrained However, it has been found that such a structure transforms to a more stable phase with less magnetic order when fully relaxed using first-principles methods 39, 40 . Such a separation of sp 2 and sp 3 hybridized atoms could occur and be a source of magnetic moment in amorphous carbon.
The second type of 3-fold atoms is connected to another 3-fold atom, but still possesses unpaired electrons. These 3-fold atoms are bonded, but do not form a π bond because their extra p electrons are not in parallel [(see Fig. 1 (c)]. Even though we impose a magnetic constraint, neighboring 3-fold carbon atoms forms π bond when their unpaired p electrons align in parallel and cannot contribute to the magnetic moment. Therefore, the relative rotation between two p electrons is necessary for having unpaired electrons, although the energy loss due to this rotation is not negligible as the formation of a π bond lowers the energy.
We expect that these structural characteristics could be observed in magnetic amorphous carbon. We also simulate amorphous carbon with a low constrained magnetization to study the change in structure. By reducing the constraint from 0.4 to 0.1 µ B /atom, the portion of 3-fold coordinated carbon atoms are reduced from 44 % to 19 %. The reduction of 3-fold carbon atoms can be clearly recognized as the small number of orange spheres in Fig. 3 when compared with those in Fig. 1 . The spin charge density is still distributed around 3-fold 
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We compute the radial distribution function to quantitatively compare the structures of amorphous carbon with several different constrained magnetization (Fig. 4) . At zero magnetization (black curve), the peak position is close to the bond length of diamond (1.54Å), indicating the dominant sp 3 hybridization. The density of 3.4 g/cm 3 here is slightly smaller than diamond (3.5 g/cm 3 ), but relatively dense compared with the normally observed amorphous carbon phase. The high density structure close to diamond, with 4-fold sp 3 -like hybridization is naturally favored.
On the other hand, the peak position of radial distribution function moves toward the bond length of graphene (1.42Å) as we increase the constrained magnetization. This corresponds to the fact that the number of 3-fold coordinated atoms must increase in order bond length is close to 1.42Å when a large magnetization is imposed, again indicating that sp 2 -like hybridization is necessary for the realization of spin polarization. The change in the radial distribution is not significantly large, but the peak should be close to sp 2 bonding when amorphous carbon exhibits sizable amount of magnetic moment.
B. Effect of density
We also consider amorphous carbon with relatively low density. Figure 5 shows the structure and spin charge density of the 2.6 g/cm 3 density and 0.4 µ B /atom case. The structure shows more 3-fold coordinated atoms than in the high density 3.4 g/cm 3 case (see Fig. 1 ). Another structural character is the appearance of 2-fold coordinated atoms (red spheres), which are not seen in the high density amorphous carbon. The 2-fold and 3-fold portion here is 6 % and 64 % (22 % higher than the previous case), respectively.
The appearance of 2-fold coordination and the increase in the 3-fold portion indicate the lower-coordination is not surprisingly favored in the low density case. In fact, the 3-fold portion is 58 % even when the system is not under a magnetic constraint. The spin charge density is distributed on 2-fold and 3-fold coordinated carbon atoms, where 2-fold atoms have more unpaired electrons than 3-fold atoms. The 3-fold atoms are a majority in this structure with most of the 3-fold atoms bonded to each other. As discussed above, the remained p orbitals in two bonded 3-fold atoms must be rotated relative to each other by 90
• to avoid the formation of a π bond. This structural distortion increases the energy of amorphous carbon (358 meV/atom compared with the nonmagnetic case) although the formation of 3-fold coordinated atoms is favored in the low density case.
The total energies and 3-fold portion of amorphous carbon are summarized in Table I. A high density amorphous carbon favors low 3-fold portion in both with and without magnetic constraints. The energy difference between nonmagnetic and 0.4 µ B /atom constraint monotonically increases as a function of density (from 358 in 2.6 g/cm 3 to 578 meV/atom in 3.4 g/cm 3 ), indicating the difficulty of the formation of 3-fold coordinated atom. Considering that the experimental sp 3 portion in Q-carbon is more than 75 %, 18 , the density of Q-carbon should be around 3.2 g/cm 3 or denser.
In general, a high magnetic constraint tends to require a high energy and large pro- Considering the calculated energy difference between diamond and the lowest-energy amorphous carbon (3.0 g/cm 3 ) is 745 meV/atom, the energy difference here is relatively small. Therefore, such a structure could be realized under the extreme synthesis condition used in creating amorphous Q-carbon.
C. Releasing magnetic constraints
We released the magnetic constraint to determine the nature of the magnetic moments without constraints. The magnetization is reduced when we release the spin constraint and perform a standard spin-polarized calculation. For example, the total magnetization and the sum of the absolute values of spin up and down moments are 0.044 and 0.051 µ B /atom, respectively in the 0.1 µ B /atom constraint and 3.4 g/cm 3 density case (see Fig. 6 for the spin charge densities). The portion of 3-fold coordinated carbon atoms is also reduced from 19 % to 14 % as well because 4-fold coordination is more favored in high density amorphous carbon. The total energy is 5 meV/atom higher when the same structure is calculated with spin unpolarized DFT, indicating a weak magnetic order among unpaired electrons.
The blue isosurface in Fig. 6 shows the minority spin charge density. This implies the existence of finite antiferromagnetic order since the spin spontaneously becomes opposite in direction using a self-consistent calculation, even though we start the simulation with the same spin direction on each carbon atom. The distance between two carbon atoms with these two opposite spins is 2.24Å and they are separated by two 4-fold coordinated carbon atoms. Here two p orbitals have a slight overlap with each other, and this is believed to cause the antiferromagnetic order between the two spins.
To examine possible magnetic order between the opposite spins, we construct a "molecule"
by cutting out the amorphous structure around the two spins and terminate all dangling bonds with hydrogen atoms (C-H bond length is adjusted to 1Å). This "molecule" has 286 meV lower energy in the antiferromagnetic case than in the ferromagnetic case, similar to the fact that antiferromagnetic order spontaneously occurs in the amorphous structure.
However, the energy difference changes as we twist the angle of one p orbital as described in Fig. 7(a) . In general, the antiferromagnetic phase [the green line in Fig.7(a) ] has lower energy, but the ferromagnetic phase [the red line in Fig. 7(a) ] becomes more stable around 
60
• and 240
• . For example, the energy is 43 meV lower than the antiferromagnetic case at 60
• . The energy in the ferromagnetic phase is significantly low around 150
• and 300
• since the system prefers it to a nonmagnetic solution even when we start the simulation from a ferromagnetic initial condition. Here the antiferromagnetic phase is in a relatively low energy state and at local minimum as opposite spin configuration is favored.
The structure and spin charge densities at the twist angles of 60 Although ferromagnetic phases are not in an energy local minimum with respect to the twist angle, we expect that such a geometry could appear and be a source of magnetism in amorphous carbon synthesized in an extreme condition. 
IV. SUMMARY
In summary, unpaired electron in 3-fold sp 2 -hybridized carbon atoms are necessary for producing magnetic behaviour in amorphous carbon. We performed constrained magnetization MD and find that the portion of 3-fold atoms become large as we increase the magnetic constraints. In addition, those 3-fold atoms should (1) be isolated by 4-fold carbon atoms or (2) have 90
• rotated p orbitals when bonded to 3-fold atoms, to keep their unpaired electrons. We also show that p orbitals at 3-fold atoms in (1) could exhibit ferromagnetic (antiferromagnetic) order in amorphous carbon when they are close and orthogonal (in the same plane) to each other. Our finding is useful for examining the magnetism and structure of Q-carbon, although the results presented in this paper is for general amorphous carbon 12 systems. We expect that the result presented in this work will be useful for explaining magnetic properties of amorphous carbon systems and be useful for designing new magnetic carbon materials. DE-AC02-05CH11231. MLC acknowledges useful discussions with Professor Jay Narayan.
